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METHODS AND DEVICES FOR CHANNEL
ESTIMATION AND OFDM RECEIVER

TECHNICAL FIELD

The present disclosure described herein generally relates
to methods and devices for channel estimation. In particular,
aspects of the present disclosure may relate to methods and
devices for estimating a channel based on a receive symbol

comprising interfering transmission from a first and a second
transmit symbol. Further aspects relate to OFDM (Orthogo-
nal Frequency Division Multiplex) receivers.

BACKGROUND

In many outdoor scenarios, the wireless multipath channel
exhibits multipath components whose delays are longer than
the Cyclic Prefix (CP) used in multi-carrier systems such as
orthogonal frequency-division multiplexing (OFDM). The
aforementioned system will be referred to as an “insutlicient
CP system”. In mnsuflicient CP systems, the multipath com-
ponents with delays longer than the CP lead to two types of
interference, namely Inter-Symbol Interference (ISI) and
Inter-Carrier Interference (ICI). This means that the samples
of the current symbol are interfered by samples of the
previous symbol (ISI), but they also exhibit seli-interfer-
ence, 1.e. each subcarnier leaks power on the adjacent
subcarriers (ICI). ISI and ICI corrupt the transmitted signal
and therefore aflect the performance of pilot-based channel
estimators, €.g. such as used 1in LTE systems and also that of
the equalization. Since the pilots used for channel estimation
become corrupted by interference, the original set of pilots
becomes 1nsuilicient to accurately resolve the channel mul-
tipath components. Since data subcarriers exhibit interter-
ence from adjacent subcarriers and also from delayed pre-
vious symbols, traditional equalizers unaware of these
cllects become highly error-prone.

It may be desirable to improve channel estimation in
wireless communication networks, 1n particular in nsuitli-
cient CP systems.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
turther understanding of aspects and are incorporated 1n and
constitute a part of this specification. The drawings 1llustrate
aspects and together with the description serve to explain
principles of aspects. Other aspects and many of the
intended advantages of aspects will be readily appreciated as
they become better understood by reference to the following,
detailed description. Like reference numerals designate cor-
responding similar parts.

FIG. 1 1s a schematic diagram illustrating a wireless
system 100 including a base station 110 and a mobile station
120, the mobile station 120 applying techniques for channel
estimation.

FI1G. 2 1s a schematic diagram of a method 200 for channel
estimation 1n accordance with the disclosure.

FIG. 3 1s a schematic diagram of a processing circuit 300
in accordance with the disclosure the processing circuit
including a recerving port 301 and a channel estimator 303.

FI1G. 4 1s a schematic diagram of an OFDM receiver 400
in accordance with the disclosure the OFDM receiver
including a recerving port 401, a channel estimator 403 and
an equalizer 405.
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2

FIG. 5 1s a schematic diagram of a transceiver system 590
in accordance with the disclosure the transceiver system

including a transmitter 550 and a receiver 500.

FIG. 6 1s a diagram of a factor graph representation 600
of a recerver 500 such as shown in FIG. 5 1n accordance with
the disclosure.

FIG. 7 1s a diagram of a factor graph representation 700
of a channel estimation block 503 1n receiver 500 such as
shown 1n FIG. 5 1 accordance with the disclosure.

FIG. 8 1s a performance diagram 1llustrating Mean Square
Error (MSE) over Signal to Noise Ratio (SNR) of a Mean
Field (MF) channel estimation technique 1n accordance with
the disclosure 1n comparison with other channel estimation
techniques.

FIG. 9 1s a performance diagram 1illustrating estimated
SNR over SNR of an MF channel estimation technique 1n
accordance with the disclosure 1n comparison with an ICI
unaware channel estimation techmique.

FIG. 10 1s a performance diagram illustrating Bit Error
Rate (BER) over SNR of an MF channel estimation tech-
nique 1n accordance with the disclosure 1n comparison with
other channel estimation techniques.

FIGS. 11q and 115 are performance diagrams 1llustrating,
absolute value (FIG. 11a) and phase (FIG. 115) of estimated
channel impulse response (CIR) over time of an MF channel
estimation technique 1n accordance with the disclosure 1n
comparison with an ICI unaware channel estimation tech-
nique.

FIG. 12 1s a schematic diagram of a method 1200 for
channel estimation in accordance with the disclosure.

DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part thereof, and
in which 1s shown by way of 1llustration specific aspects 1n
which the disclosure may be practiced. It 1s understood that
other aspects may be utilized and structural or logical
changes may be made without departing from the scope of
the present disclosure. The following detailed description,
therefore, 1s not to be taken 1n a limiting sense, and the scope
of the present disclosure 1s defined by the appended claims.
The following terms, abbreviations and notations will be
used herein:

OFDM: Orthogonal Frequency Division Multiplex,
PACE: Pilot Aided Channel Estimation,
LTE: Long Term Evolution,

CRS: Cell-specific Reference Signal,
TX: Transmiut,

RX: Receive,

IDFT: Inverse Discrete Fourier Transform,
DFT: Discrete Fourier Transform,

CP: Cyclic Prefix,

SNR: Signal to Noise Ratio,

MSE: Mean Squared Error,

MMSE: Minimum Mean Square Error,
MF: Mean Field,

MFBP: Mean Field Belief Propagation,
BER: Bit Error Rate,

CIR: Channel Impulse Response,

ISI: Inter-Symbol Interference,

ICI: Inter-Carrier Interference,

AWGN: Additive White Gaussian Noise,
RF: Radio Frequency,

UE: User Equipment,

LLR: Logarithmic Likelithood Ratio,
RWE: Robust Wiener Filter,
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SBL: Reference receiver using pilot-based time-domain
channel estimation,

QPSK: Quadrature Phase Shiit Keying,

P: Power,
r.v.: random variables,
pdi: probability density function.

REFERENCE SYMBOLS

modulated symbols sent on specific subcarriers and at
specific time instances (e.g. on speciiic OFDM symbols
in an LTE system)—both their time-frequency posi-
tions and their values are known at reception.

Pilot Symbols:

same meaning as reference symbols, denoted hereinatter

as x, .
Data Symbols:

unknown at reception—need to be estimated, denoted

hereinafter as x, .
One Transmit Symbol:

denoted hereinafter as x , 1s the array of interleaved data

and pilot symbols.
Insuflicient CP System:

In a system with msuflicient CP, the current receive signal
y, suflers from ICI (from x ) and ISI (from x,_,,
therefore both data and pilot symbols cause interfer-
ence. In order to mitigate this, a data-aided time-
domain channel estimation 1s performed, 1.e. soit val-
ues of the CIR are estimated by using the known pilots
x, " and the soft estimates of the data x .

The methods and devices described herein may be based
on channel estimation, in particular channel estimation of
wireless multipath channels with multipath components
whose delays are longer than the Cyclic Prefix. It 1s under-
stood that comments made 1n connection with a described
method may also hold true for a corresponding device
configured to perform the method and vice versa. For
example, 11 a specific method step 1s described, a corre-
sponding device may include a unit to perform the described
method step, even 1f such unit 1s not explicitly described or
illustrated in the figures. Further, 1t 1s understood that the
features of the various exemplary aspects described herein
may be combined with each other, unless specifically noted
otherwise.

The methods and devices described herein may be imple-
mented 1 wireless communication networks, 1n particular
communication networks based on 3G, 4G and CDMA
standards. The methods and devices described below may
turther be implemented 1n a base station (NodeB, eNodeB)
or a mobile device (or mobile station or User Equipment
(UE)). The described devices may include integrated circuits
and/or passives and may be manufactured according to
various technologies. For example, the circuits may be
designed as logic integrated circuits, analog integrated cir-
cuits, mixed signal integrated circuits, optical circuits,
memory circuits and/or integrated passives.

The methods and devices described herein may be con-
figured to transmit and/or receive radio signals. Radio sig-
nals may be or may include radio frequency signals radiated
by a radio transmitting device (or radio transmitter or
sender) with a radio frequency lying in a range of about 3 Hz
to about 300 GHz. The frequency range may correspond to
frequencies of alternating current electrical signals used to
produce and detect radio waves.

The methods and devices described herein may be imple-
mented in radio receivers, e.g. time-domain recervers. A
time-domain receiver 1s a radio recerver designed to counter

10

15

20

25

30

35

40

45

50

55

60

65

4

the effects of multipath fading. This may be performed by
using several “sub-receivers” called taps, paths or fingers,
that 1s, several correlators each assigned to a diflerent
multipath component. Each tap or finger may independently
decode a single multipath component. At a later stage, the
contribution of all taps or fingers may be combined in order
to make the most use of the different transmission charac-
teristics of each transmission path. This may result in higher
signal-to-noise ratio (SNR) 1n a multipath environment.

FIG. 1 depicts a wireless system 100 including a base
station 110 and a mobile station 120, the mobile station 120
applying techmiques for channel estimation as described 1n
the following. The multipath channel through which a radio
wave transmits from a base station 110 to a mobile station
120 can be viewed as transmitting the original (line-of-sight)
wave pulse 101 through a number of multipath components
101, 102, 103 due to obstacles 112, 113. Multipath compo-
nents are delayed copies of the oniginal transmitted wave
traveling through a different echo path, each with a different
magnitude and time-of-arrival at the receiver. Since each
component contains the original information, 11 the magni-
tude and time-of-arrival (phase) of each component 1s com-
puted at the receiver through a process called channel
estimation, then all the components can be added coherently
to 1mprove the mformation reliability. The delay of for
example the third multipath component 103 depicted 1n FIG.
1 may be longer than the Cyclic Prefix used for signal
transmission. When the mobile station 120 1s implementing
techniques for channel estimation as described in this dis-
closure, ISI and ICI can be detected and the mobile station
120 1s able to accurately estimate the channel.

The methods and devices described herein may be imple-
mented 1n multicarrier systems applying cyclic prefix and in
wireless communication OFDM systems using CP. In a
wireless communication OFDM system, the transmitted
OFDM symbols may be generated by simultaneous data
transmission over a set ol orthogonal subcarriers. The
OFDM symbols may then be sent over the wireless channel
whose multipath nature determines multiple copies of the
same symbol to arrive delayed at the receiver. This deter-
mines the previous symbols to interfere with the current one,
1.e. giving rise to inter-symbol interference (ISI), but also
destroys the orthogonality between subcarriers of the current
OFDM symbol, 1.e. creating inter-carrier interference (I1CI).
In order to avoid ISI and ICI, at transmission, the OFDM
symbol may be prepended a cyclic prefix (CP), that may
consist of a copy of 1ts last samples, and whose length should
be at least as long as the maximum excess delay of the
channel. A long CP protects against ISI/ICI 1n a diverse
range of scenarios, where the channels implicitly exhibit a
wide range of maximum excess delay, but comes at the cost
of reduced spectral efliciency. Long channels are the result
of the heterogeneities 1n the propagation environment, €.g.
hills, mountains, large water masses or skyscrapers in the
urban areas. Therefore, choosing an appropriate length for
the CP 1s always a tradeotil. As a result, there are situations
in which the CP 1s shorter than the channel maximum excess
delay; 1n this case both ISI and ICI degrade the receiver’s
performance, otherwise unaware of these phenomena. The
degradation 1s the combined result of two different effects,
1.. pilot-based channel estimation errors and equalization
impaired by ISI/ICI. The causes of the pilot-based channel
estimation errors are two-fold: on one hand, 1n an insuth-
cient CP OFDM system, the resolution the pilots provide 1s
insuilicient for the estimator to accurately resolve the chan-
nel response; on the other hand, since the channel estimators
assume no power leakage between adjacent subcarriers, they
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employ a biased signal model 1n which, the transmitted
symbols’ vector 1s modulated by a diagonal channel matrix.
Secondly, the equalization becomes biased due to the use of
the mismatched signal model and the inaccurate channel
estimates resolved by the channel estimation block prior to
equalization.

FI1G. 2 1s a schematic diagram of a method 200 for channel
estimation 1n accordance with the disclosure. The method
200 comprises recerving 201 a recetve symbol y, 206
comprising interfering transmissions from a first transmuit
symbol x, 202 and a second transmit symbol x,__, 204,
wherein the transmissions from the first transmit symbol x_
202 and the second transmit symbol x,_, 204 are transmis-
sions of diflerent time instances n, n—-1. Fach of the first
transmit symbol x, 202 and the second transmit symbol x, _,
204 may include unknown modulated symbols interleaved
with known modulated symbols. A transmit symbol may be
an array of unknown modulated symbols such as data
intended for the recerver interleaved with known modulated
symbols such as pilots or reference symbols, e.g. cell-
specific reference symbols (CRS) of an LTE frame. The
method 200 further comprises estimating 203 a channel g(t)
210 based on the recetve symbol y, 206 and estimates 208
of the first transmit symbol x 202 and the second transmuit
symbol x,_, 204.

The known modulated symbols of the first and second
transmit symbols x, 202 and x,__, 204 may comprise cell-
specific reference symbols (CRS) of an LTE frame. The first
and second transmit symbols x, 202 and x,_, 204 may be
part of an LTE frame, sub-frame or slot comprising data
and/or control symbols 1n addition to the reference symbols.
The cell-specific reference symbols of an LTE frame may
also be denoted as pilot symbols or pilot OFDM symbols.
The different time instances n, n—1 may be times at which
the first transmit symbol x, 202 and the second transmit
symbol x__, 204 are transmitted at a transmitter. The dif-
ferent time instances n, n—1 may be diflerent symbol times
of an LTE {frame, sub-frame or slot. For example, the
transmission time n of the first transmit symbol x, 202 and
the transmission time n—1 of the second transmit symbol
X, , 204 may be times of succeeding LTE frames or sub-
frames or slots or may be times of succeeding symbols 1n an
L'TE frame, sub-frame or slot.

The recerve symbol y, 206 may comprise inter-symbol
interference and/or inter-carrier interference from the trans-
mission of the first transmit symbol x 202 and the trans-
mission of the second transmit symbol x_, 204. The method
200 may further comprise equalizing the receive symbol y,
206 by using the estimated channel g(t) 210. The transmis-
sions from the first transmit symbol x, 202 and the second
transmit symbol x _, 204 may be transmissions of subse-
quent time instances n, n—1. The first transmit symbol x, 202
and the second transmit symbol x__, 204 may comprise
OFDM symbols. A duration of a cyclic prefix of the OFDM
symbols may be shorter than a delay of the channel. Esti-
mating 203 the channel may be based on time-domain
data-aided channel estimation. Estimating the channel may
be based on a signal representation comprising a dictionary
matrix A, ,_, comprising the first transmit symbol x,, 202
and the second transmit symbol x, _, 204. The signal repre-
sentation may be based on a sparse channel model having
only a few non-negligible multi-path components. The sig-
nal representation may be based on probabilistic modeling,
of the channel and noise. The signal representation may be
according to y,=A,, ,_,p+€,, where y, denotes the receive
symbol at time instance n, A denotes the dictionary

Fpi—1
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denotes a noise power. The method 200 may comprise

jomtly estimating the channel and the first and second

transmit symbols x, 202, x__, 204 by applying the signal
representation. The jointly estimating the channel and the
first and second transmit symbols x, 202, x, _, 204 may be
based on a mean field belief propagation framework as
described below with respect to FIG. 5.

There are different methods for estimating 203 the chan-
nel g(t) 210 based on the receive symbol y, 206 and
estimates 208 of the first transmit symbol x 202 and the
second transmit symbol x,_, 204 as described 1n the follow-
ing. In order to jointly estimate the variables of interest, 1.e.
channel complex weights, noise variance, data symbols,
variational inference approaches may be used and the pos-
terior pdis of the unknown quantities, given the set of
observations may be computed. For example, a Belief
Propagation (BP) algorithm as described by J. Pearl 1n
“Probabilistic Reasoning 1n Intelligent Systems: Networks
of Plausible Inference, Morgan Kaufmann Publishers, Inc.,
1988 may be employed to resolve the unknown random
variables, abbreviated as r.v. of the system. The BP algo-
rithm yields good approximations of the marginal distribu-
tions of the hidden variables also called beliets. To reduce
complexity, approximations in the computations of the
beliels may be applied. The computations associated with
the continuous random variables updates may employ the
Mean Field (MF) approximation as described by E. P. Xing,
M. I. Jordan, and S. J. Russell in “A Generalized Mean Field
Algorithm for Vanational Inference in Exponential Fami-
lies,” CoRR, vol. abs/1212.2512, 2012. The MF algorithm
outputs the approximate pdis of the hidden random variables
of mterest by assuming the global pdf 1s fully factorizable;
the solution of the method 1s the pdf which minimizes the
Kullback-Liebler divergence between the approximated and
the true pdf. Since both MF and BP have an iterative nature,
similar to message exchanges between nodes of a factor
graph, the joint framework [28] may be formulated as a
message-passing algorithm according to E. Riegler, G.
Kirkelund, C. Manchon, M. Badiu, and B. Fleury, “Merging
Belief Propagation and the Mean Field Approximation: A
Free Energy Approach,” IEEE Transactions on Information
Theory vol. 39, no. 1, pp. 588-602, 2013.

The estimating 203 the channel g(t) may be based on a
message-passing design optimized for insuthcient CP
OFDM systems using the unified MF-BP framework. In
order to perform time-domain channel estimation, the CIR
may be considered as being sparse, 1.e. having a few
non-zero multipath components. Making use of this finding,
the estimating 203 may use compressive sensing techniques,
which consist on finding sparse CIR estimates which maxi-
mize an objective function, for example based on 11-norm
constrained minimization problems, such as Least Absolute
Shrinkage and Selection Operator (LASSO), Basis Pursuit
(BP), Orthogonal Matching Pursuit (OMP) or maximume-a-
posterion1 (MAP) methods such as sparse Bayesian learning
(SBL) which uses a probabilistic modeling of the channel
weights that encourages sparse CIR representations. For
tractability purposes, these pdis may be modeled by intro-
ducing hyperpriors over the weights, and thus obtaining
two- (2L) or three-layers (3L) hierarchical models.

Estimating 203 the channel g(t) may be based on a
message-passing 1terative receiver design technique as
described below with respect to FIG. 5 which overcomes the
ellects of ISI/ICI caused by mnsuflicient CP. The described
receiver techniques may employ time-domain channel esti-
mating accounting for the CIR sparsity, by using an SBL
approach, for example using a 2L hierarchical modeling of
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the channel weights. Furthermore, using iterative receiver
designs allows using the previously estimated noise variance
and the soft decoded symbols as virtual pilots in order to
refine the channel estimates. In order to rebuild the symbols
fed back to the estimating 203 block, the outputs of the
interleaving and decoding blocks as described below with
respect to FIG. 5 may be processed every iteration.

The method 200 as described herein may be implemented
in a processing circuit 300 as described below with respect
to FIG. 3. The method 200 as described herein may be
implemented 1n an OFDM receiver 400 as described below
with respect to FIG. 4 or 1n a receiver 500 as described
below with respect to FIG. 5.

FIG. 3 1s a schematic diagram of a processing circuit 300
in accordance with the disclosure the processing circuit
including a receiving port 301 and a channel estimator 303.
The recerving port 301 1s configured to receive a receive
symbol y, 206 comprising interfering transmissions ifrom a
first transmit symbol x, 202 and a second transmit symbol
X, , 204. The transmissions from the first transmit symbol
x, 202 and the second transmit symbol x,_, 204 are trans-
missions of different time 1nstances n, n—1. Each of the first
transmit symbol x, 202 and the second transmit symbol x_,
204 may include unknown modulated symbols interleaved
with known modulated symbols as described above with
respect to FIG. 2. A transmit symbol may be an array of
unknown modulated symbols such as data intended for the
receiver iterleaved with known modulated symbols such as
pilots or reference symbols, e.g. cell-specific reference sym-
bols (CRS) of an LTE frame. The channel estimator 303 1s
configured to estimate a channel g(t) 210 based on the
receive symbol y, 206 and estimates of the first transmit
symbol x_ 202 and the second transmit symbol x__, 204.

The receive symbol vy, 206 may comprises an OFDM
symbol. The processing circuit 300 may further comprise a
pre-processing unit, e.g. as described below with respect to
FIG. 5 configured to remove a cyclic prefix and to apply a
Fourier transform to the recerve symbol y, 206. The pro-
cessing circuit 300 may further comprise an equalizer, e.g.
as described below with respect to FIGS. 4 and 5 configured
to equalize the receive symbol y, 206 by using the estimated
channel g(t) 210. The channel estimator 303 may be con-
figured to compute soit estimates of the channel g(t) 210 and
solt estimates of a noise variance based on a Bayesian
interference technique, e.g. as described below with respect
to FIG. 5. The equalizer may be configured to compute soft
estimates 208 of the first transmit symbol x, 202 and the
second transmit symbol x, _, 204 based on the soft estimates
of the channel and the noise variance, e.g. as described
below with respect to FIGS. 4 and 5. The channel estimator
303 may be configured to estimate the channel g(t) 210
based on a signal representation comprising a dictionary
matrix A, ,_;, €.g. as described below with respect to FIG.
5 wherein the dictionary matrix may comprise the first
transmit symbol x, 202 and the second transmit symbol x, _,
204. The channel estimator 303 may be configured to
compute the dictionary matrix A, ,_, based on the estimates
208 of the first transmit symbol x 202 and the second
transmit symbol x__, 204.

FIG. 4 1s a schematic diagram of an OFDM receiver 400
in accordance with the disclosure the OFDM receiver
including a recerving port 401, a channel estimator 403 and
an equalizer 405. The OFDM receiver 400 comprises a
receiving port 401 configured to receive a receive OFDM
symbol y, 406 comprising interfering transmissions ifrom a
first OFDM symbol x 402 and a second OFDM symbol x,_,

404, wherein the transmissions from the first OFDM symbol
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x, 402 and the second OFDM symbol x__, 404 are trans-
missions of different time 1nstances n, n—1. Each of the first
OFDM symbol x, 402 and the second OFDM symbol x,_,
404 may include unknown modulated symbols interleaved
with known modulated symbols. An OFDM symbol may be
an array ol unknown modulated symbols such as data
intended for the receiver interleaved with known modulated
symbols such as pilots or reference symbols, e.g. cell-
specific reference symbols (CRS) of an LTE frame. In
particular, not only pilots interfere with each other, but also
data sent on adjacent subcarriers leaks energy on the pilots.
The OFDM receiver 400 turther comprises a channel esti-
mator 403 configured to estimate soit estimates A, 3 410 of
a channel impulse response 3 and of a noise power €, based
on the receive OFDM symbol y, 406 and based on soft
estimates X , X _, 408 of the first OFDM symbol x, 402 and
the second OFDM symbol x, _, 404. The OFDM recerver
400 turther comprises an equalizer 405 configured to esti-
mate the soft estimates X , X _, 408 of the first OFDM

symbol x,, 402 and the second OFDM symbol x,,_, 404 based
on the soft estimates A, 3 410 of the channel impulse
response [ and ol the noise power € estimated by the
channel estimator 403.

The channel estimator 403 may be configured to estimate
the soft estimates A, [3 410 of the channel 3 based on a signal
representation comprising a dictionary matrix A, ,_,, €.g. as
described below with respect to FIG. 5 wherein the diction-
ary matrix comprises the first OFDM symbol x, 402 and the
second OFDM symbol x, _, 404. The signal representation
may be according to y,=A,  _[+€,, where y, denotes the
receive symbol at time instance n, A, ,_, denotes the dic-
tionary matrix, [3 denotes soft estimates of the time-domain
weights of the channel and €, denotes a soft estimate of a
noise power. The equalizer 405 may be configured to
estimate a first matrix H representing an estimated impulse
response of the channel, a second matrix H,., representing
an estimated inter-symbol interference and a third matrix
H, -, representing an estimated inter-carrier interference, e.g.
as described 1n the following.

A transceiver chain 1n which the n-th OFDM symbol sent
over N subcarriers may be denoted as s, =F'x,, where x,, is

the modulated messages to be sent:

xn:[xn(o): - - axn(N_l)]

Next, the signal 1s appended the CP and 1s sent over the
wireless channel, considered invariant during one LTE sub-
frame (1 ms):

(Al)

I—1
g@® - ) B -T)
{=0

According to a traditional signal model when the maximum
excess delay t,_, 1s smaller or equal to the CP length, the
signal after the DFT processing corresponding to the n-th
received OFDM symbol may be written as:

v, =Hx, +€, (A2)

where H 1s a diagonal matrix containing the channel fre-
quency response, and €, 15 AWGN with zero mean and
covariance A1,

The OFDM receiver 400 uses an enhanced signal model as
described in the following. When the CIR length i1s longer
than the CP length, the n-th received OFDM symbol 1s

aflected by interference:

Vo=(H-Hyepx, +Hygpx,_+€, (A3)
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This enables the OFDM receiver 400 to perform interference
cancellation both when estimating the channel and the data.
Furthermore, re-writing (A3), results 1n an equivalent model
which explicitly contains the channel weights f:

Vu :An,n—l I?)+En (A4)

where A, ,_, 1s a full matrix containing x,, and x,,_,. In the
tollowing this matrix will be designated as the dictionary or
dictionary matrix for the model (A4). The OFDM receiver
400 uses equation (A4) and a probabilistic modeling of the
channel and the noise to obtain accurate estimates of the
time-domain channel weights p and of the noise power.

By using the signal model or signal representation accord-
ing to equation (A4) the OFDM receiver 400 1s able to
cancel the ICI and ISI which occur in a system with
msufhicient CP. Hence, the OFDM receiver 400 1s able to
make the distinction between interference and noise. The
OFDM receiver 400 1s able to operate with the resolution as
given by the observation array. Therefore, the OFDM
receiver 400 provides high performance, as shown below
with respect to FIGS. 8 to 11.

The OFDM receiver 400 may perform time-domain data-
aided channel estimation considering ICI and ISI. The
OFDM receiver 400 may perform channel estimation by
modeling the channel as a sparse channel characterized by
its sparse channel impulse response in the delay domain and
by using sparse estimation techniques to estimate the chan-
nel. By using the time-domain estimates of the channel, the
OFDM recerver 400 1s able to model the ICI and ISI effects
on the received signal and to cancel them. The OFDM
receiver 400 may further accurately estimate the noise
power. The OFDM receirver 400 may apply the model as
derived 1n equation (A4) and an iterative method of esti-
mating the channel, the noise and data by employing a
probabilistic modeling of the variables of interest. In an
implementation form, the OFDM receiver 400 may employ
the control channels as an extra set of virtual pilots which
may increase the number of available observations at the
estimator side.

The OFDM receiver 400 may be operated according to
the following. The receiving port 401 may receive as iput
a set of known data (e.g. pilots and known control channels
data) and unknown data (e.g. other control channels which
it decodes with high reliability and data channels that 1t
soft-decodes 1teratively while simultaneously updating the
cir estimates); both types of data may be used as observa-
tions when the channel estimator 403 1s performing channel
estimation. The OFDM receiver 400 may employ a proba-
bilistic modeling of the parameters of interest (e.g. the
channel complex gains to be estimated, the AWGN and the
ISI and ICI) and the model derived in equations (A3) and
(A4). The OFDM receiver 400 may iteratively perform the
following two main tasks of Time-Domain Channel Estima-
tion mainly performed by the channel estimator 403 and
Equalization and Decoding mainly performed by the equal-
1zer 405. With respect to Time-Domain Channel Estimation,
the channel estimator 403 may compute A, ,_, from equa-
tion (A4) using the current soft estimates of x,, x,_, (de-
noted in FIG. 4 as X, X__,). The channel estimator 403 may
then use a Bayesian inference technique to compute soft
estimates of the CIR (3 and the noise variance A~ (denoted
in FIG. 4 as B and respectively A™"). With respect to
Equalization and Decoding, the equalizer 405 may compute
H-H;, H;s from equation (A3) using the current soft
estimates 5. Using H-H,.,, H;s; and the current noise sott
estimate A~', the equalizer 405 may compute X (X, _,).
These estimates may be (optionally) refined by using a
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Soft-Input Soft-Output Channel Decoder and may be fed
back to the time-domain channel estimator 403. The two
main tasks of Time-Domain Channel Estimation and Equal-
ization and Decoding may be repeated until convergence
criteria are fulfilled.
The operation of the OFDM receiver 400 may be
described by combining the following elements:
Using the model from (A4), 1n which the channel vector
B 1s 1solated from the other components of the system
X , X, _, contained in the matrix A enables the

Frpi—10

time-domain estimation of the channel and cancelling
the eflect of ISI and ICI at equalization.

Assuming the channel impulse response 1s sparse and
applying sparse estimation techniques, in particular
sparse Bayesian learning framework.

The only prior knowledge that may be needed for channel
estimation may be the maximum excess delay.

Iteratively using the statistics of the estimated data to
enhance the number of available observations for chan-
nel estimation. The estimated data becomes therefore a
set of virtual pilots.

Using the soft estimates of the CIR and noise variance to
refine the equalization and decoding.

The OFDM recetver 400 1s an iterative receiver capable of
coping with ISI/ICI due to msuflicient CP 1n OFDM sys-
tems. The OFDM receiver 400 may perform a data-aided
time-domain channel estimation, noise estimation, interfer-
ence cancellation and data detection. The OFDM receiver
400 performs better than other receivers using a pilot-based
approach, in terms of both accuracy of the channel estimates
and obtained BER as shown below with respect to FIGS. 8
to 11.

FIG. 5 15 a schematic diagram of a transceiver system 390
in accordance with the disclosure the transceiver system
including a transmitter 5350 and a receiver 500.

The transmitter 550 includes a transmission chain for
processing a raw bit stream u, generated by a raw bit stream
generation unit 571. The raw bit stream u, may be encoded
and interleaved by an Encoder and Interleaver unit 565 and
concatenated with a zero padding sequence generated by a
0-padding unit 567 by a concatenation unit 569 generating
a concatenated symbols ¢ . The concatenated symbols c,
may be further concatenated with pilot symbols x,” gen-
erated by a pilot generator 559 by a further concatenation
umit 563 generating transmit symbols x . The transmit
symbols x  may be transformed and a cyclic prefix CP may
be added by using an IDFT and CP adding unit 557 which
may generate the OFDM transmit symbols s,‘“*”. These
OFDM transmit symbols may be transmitted over a channel
520 that may be a long channel g , 1.e. a channel having a
long 1mpulse response.

The recetver 500 may include a reception chain for
processing OFDM receive symbols r,““?. The OFDM
receive symbols r, (““? may be received at a receive port 501
in response to the OFDM transmit symbols s, ““*” transmit-
ted over the channel g, 520 which may be a channel having
a long impulse response. A long impulse response may be
defined as an impulse response which tap delays are longer
than a cyclic prefix applied by the IDFT and CP adding unit
557.

The OFDM receive symbols r,‘“” may be transformed
and a cyclic prefix CP may be removed by an IDFT and CP
removing unit 507 which may generate the receive symbols
y,. The receive symbols y, may be processed by a channel
estimation umt 509 for estimating the channel g, 520 based
on the receive symbol y, and estimates X , X, _, of a first
transmit symbol x, and a second transmit symbol x, _,
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provided by an equalizer B2, 505. The IDFT and CP
removing unit 507 together with the channel estimation unit
509 1s referred herein as channel estimator B1, 503 and may
correspond to the channel estimator 403 as described above
with respect to FIG. 4 or to the channel estimator 303 as
described above with respect to FIG. 3. The channel esti-
mator 303 may provide estimates 3 of the channel and
estimates A of the noise to the equalizer B2, 503.

The equalizer 505 may include a demodulator, deinter-
leaver and decoder unit 311 providing LLR values of a first
raw bit stream u, as generated by the raw bit stream
generation unit 571 at time 1nstance n and of a second raw
bit stream u,,_, as generated by the raw bit stream generation
unit 571 at time instance n-1. The demodulator, deinter-
leaver and decoder unit 511 may further provide LLR values
of a first concatenated symbol ¢, as generated by the
concatenation unit 569 at time instance n and of a second
concatenated symbol ¢, _, as generated by the concatenation
unit 569 at time 1nstance n-1.

The equalizer 505 may include a soft encoder and soit
mapper unit 513 that may provide the estimates X , X _, of
the first transmit symbol x, and the second transmlt symbel

_, based on the LLR ‘values of the first and second
concatenated symbols ¢, , ¢,_,. The equalizer 505 may
include a raw bit stream computation unit 515 that may

generate estimates 0, U, , of the first and second raw bit
streams u,, u,_,

based on the LLR values of the first and
second raw bit streams u,, u,__, as generated by the demodu-
lator, deinterleaver and decoder unit 511. The estimates 1,
u,_, may be forwarded to higher layers by using a higher
layer forwarding unit 517.

In the following, an implementation of the transceiver
system 590 15 described 1n detail. The following notation 1s
applied: | £1 is used to designate the cardinality of set £
the notation [1:P] denotes the set { » ENl1=p <P}. A=diag
(a) denotes the matrix with the entries of the vector a 1n 1ts
diagonal, while A, ; denotes the (1,)) element of the matrix A.
The NxN dlserete Feurler transform matrix (DFT) 1s defined

das
FeECMN | AN T2mmniN N iy n€[0:N-1].

A function J which maps the set & to the set F 1s denoted
as f:& —7F . The convolution ef two functions 1 and g 1s
denoted as (f*g). The superscript (.) designates transposi-
tion, while (.Y designates the Hermitian transposition. ||.||
represents the Euclidian norm; o(¢) 1s the Dirac delta func-
tion and I 1s the identity matrix. The notation moc®n 1s
equivalent to e”"=e“*", where ¢ is a constant. The operator (*)
1s used to designate the estimate of the variable of interest
and () to designate the average value of the elements in a
set. The concatenation of two matrices per row A, B 1s
designated as [AIB]. CN(.la,B) 1s a multivariate complex
Gaussian pdf with mean vector a and covariance matrix B,
while Ga(.; a, b) 1s the gamma pdf with shape and rate
parameters a and respectively b. {f(X)) ., is denoted as the
expected value of 1(x) with respect to the pdf q(x).

The system model as described 1n the following may be
applied. A received signal model 1s presented in an OFDM
system 1n which the channel exhibits delays longer than the
CP, 1.e. the received signal 1s corrupted by ISI and ICI. To
this end, a single-input single-output OFDM system model
1s considered for which the following assumptions hold: (1)
the channel 1s static during the transmission of one OFDM
symbol, (11) the delays of the multipath components are not
aligned with the sampling grid, (111) the channel impulse
response consists of multipath components with delays
longer than the CP duration. The current message 1s desig-
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nated by employing the index n and it consists of a vector
=[u (0), . . ., v (K-1)] of information bits which are
encoded with a code rate R=K/N,,Q and interleaved 1nto the
vector ¢,=C (u,)c,=[c, 7, ..., c, P~V where the entries
of ¢, are c “(q), Vqe[0:Q-1], d€[0:N,-1], and
{. denotes the coding and interleaving function. The
encoded message 1s then modulated onto the complex vector
XH(D):[XH(D)(O), . XH(D)(NE_]‘)] T XH(D)(d):ﬁ,.-g (Cﬂ(d)),,
VdE[0:N,-1], where M denotes the mapping function. The
data symbols are iterleaved with the pilot symbols from the
vector x =[x “(0), x, “Y(N,~1)]*. The overall
modulated message to be sent is then [x,,(0), . . ., x (N-1)]"
with the entries x,, =X, P if GEF , p,~1) arld x, =%, ),

if GET, d=i), 7 ={p, 0r - - -+ Py} and D={d,,. . ...

d, ) represent the subsets of pllet and respectlvely data
indices so that PUB=0, . , N-1}, #NT=@, and
N=N,+N,. The symbols are passed through an inverse DFT
block, vielding the samples of the useful OFDM symbol
s =F"“x =[s (0), . ..,s, (N-1)]’, to which a n-samples long
cyclic prefix (CP) 1s appended, to obtain the samples of
current OFDM symbol [s, (-w), . . ., s, (N=-D]’, s (<)=s,
(N-1), 1€]0:N-1] which are modulated by a transmit pulse-
shape filter ,(1):[0,T]—=R yielding the current OFDM

symbol

(1)

Sn(r) 5;1(5)%7:(3‘ - (E + H(,U, + N))Ts)

N—1
i=—

where T_ represents the sampling time. Alternatively, we
express s, (1)=(5 _*p,. )(t) where we define §M(t)—ZI.:_ju‘?”'Ll
S, (DLe ey 1 (). We define | A(X) 1 ~ XEA.

The transmitted signal s(t)=>, ___ M(t) 1s sent over the
wireless channel that may be considered static over the
duration of one OFDM symbol and

whose channel impulse response (CIR) during the n”
OFDM symbol exhibits I, multipath components, charac-
terized by the complex gains B, =[f,.(0), .. ., B,(L,-1)]" and
delays ©, =[t, (0), . . ., 1,(L -1)]". We consider the CIR
consists of multipath components which arrive at the
receiver with delays longer than the CP duration, therefore
we expect that, at least T, (L., —-1)>uT, . We restrain however

our analysis to a channel with a maximum excess delay no
longer than the duration of the OFDM symbol, 1.e. T (L, -
D)=(u+N)T,. The CIR reads

H=—co

g1, 7) = Z n (T (= Dp+nMT s (- (n+ DT ()

H——ucD

(2)

where g (t)=2,_,"' B, (Dd(t—, (1)). The received signal
r(t)=s(t)*g(t,t)=2, __..J" 7S, ()™ _(t)*g(t,T) is demodulated
by the receive filter 1,_:[0,T]—=R to yield the signal r(t)=¢
(O*p, (=2 _ 8 (t)*e(t,t)*¢(t), that we re-write as

H=toco M=+ N-—-1

L,-1
(1) = L L Z $m(®) Y PulDp( = Tu(D) = (i + mlp + N)T,) =
{=0

mm—m:,u

(3)

H—=—+co

Z Fu(l)

H=—0cD
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where ()=, ¥ _)(1):[0,2T]—=R and r, (t) denotes the n”
OFDM received signal. Since T, (L, -1)=<(u+N)T , T (1) con-
tains the contributions of the n” and n-1? sent OFDM
signals and reads

N-1

L,-1
) = E Su1(D) Y Bullit = TulD) = (i + (n = D+ NNT,) +
{=0

I=—U

(4)

N—1

Iy—1
Z Sﬂ(j) Z )BH(D@(I —Tp (f) _ (f + H(p, + N))Ts)
=0

f=—i

The recerved signal (4) 1s next sampled at (k+n(u+N))T,
kE[0:N-1] to vield the received vector r =[r, (0), . . . ,
r,(N-1)]*. We define the composite CIR during the n”
OFDM symbol q, (t):[T (0), T (L -1)+2T]—=C as q,(t)=
> B, (Dé (-, (1)); this enables us to express the entries
of r, as

AN—1 N-1 (5)
k)= > sn1(Dgn(tk =i+ (+ NDT)+ > sulPanl(k = HTL).
i=—{ J=—H

The signal after DFT processing y,=Fr, +& , € =Fv,, can
be re-written as

y, =Hx, +FCF% +FSF%x%,_ +&, (6)

where the entries of H, C, SEC™™ are H,, ==, ;"""

VNg, (vT,) [F], _I{m}(i): Cm,f:_qn((N+m_i_)Ts) lro:p-1(m)
Lsve iy o171y @0d S, =, (N+u+m-1)1s) Ij5.z_;;(m)
L sveizy-ve17() respectively, m,1€[0:N-1] and M=[(t,(L,,-
)+2T)/T ], E=EM-1-pu. We observe 1n (6) the explicit 1CI
and ISI eflects on the recerved signal through the contribu-
tions of the matrices C, and S respectively; if the channel
does not exhibit delays longer than the CP duration, then the
ICI and ISI matrices become null and the model falls back
to the traditional one.

We 1solate next the channel vector 3, 1n the signal model
(6) and obtain the equivalent representation for the signal y,

Vn=A,B,+E, (7a)
A, =V, 20 5D (7b)
Vont 5= XV Nyt (7¢)
Where [(I)] k Z:q) (kTS_TH(l))ﬂ Xﬂ:diag(xﬂ,ﬂ I L T XH —1 )

and = €C VM, =, =[Oy, ¥ 15 the matrix ¥ ,€C ™ has
the rows

- 1
[-‘E H]kj — E(_x}{_lm _X}{)Am)

indexed by k&[0:N-1], where = =diag(w*, . .., o"@).
We define the matrix, AYeC™% with the entries
[A(k)]a?b:ZH:DE‘1X(u,,b+p,k,,a), ac[0:N-1], b&[0:E-1].

We define the function

(8)

0, if r=<u+ .

x(u, 1, k, a) = { ulk—a)+ra

(W , Hu+u+l=<r=<M-1.
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The dictionary matrix A of the system model described 1n
equations (7a), (7b), (7¢) contains herein the explicit ISI and
ICI eflects. We observe

that, when no excess channel 1s present, the = becomes a
null matrix, and the dictionary A 1s reduced to the tradi-
tional representation A =X VNF,,_, ®.

In the following a message passing receiver design for
long CIR 1s described. Given the equivalent signal model
(6), (7), the recerver task 1s to retrieve the sent bits u , 1.e.
it needs to estimate the OFDM symbols x,; x__, which are
then demodulated, decoded and deinterleaved, to yield the
raw bit stream 1. To that end, the receiver computes the
channel matrices 1n (6) and equalizes the observation signal
y 1o obtain X, X _,. However, since the CIR remains
unknown, the channel matrices 1n (6) are also unknown,
therefore, 1n order to resolve x,; X, _,, the recetver computes
the estimate BH using (7) and the dictionary matrix A . Given
the structure of the dictionary matrix 1n (7b), the recerver

~

uses X,, X, _, in the computation of A , and the problem
becomes recursive, 1.e. it needs to estimate jointly the
channel and data symbols. The solution proposed for the
alforementioned problem employs a message passing tech-
nique on the factor graph which models the dependencies in
the signal model (6), (7). In the design of the recerver we
make use of the sparse channel assumption and apply the
MEF-BP joint framework for performing CIR estimation and
data detection. We introduce next the factor graph represen-
tation and the message-passing approach for updating the
variables contained by the factor graph. We then introduce
the combined MFBP message passing technique and the
associated update rules. Finally, we detail the receiver
architecture which employs the MF-BP framework.

In the following a factor graph representation and a
message passing algorithm are described.

Let x={x,/x,&Z | denote the set of the hidden r.v.
included in the set Z containing all the variables of the
system; suppose their joint distribution factorizes as
p(x)xii.. . (x ) where x_ is the vector of arguments of
function ¥ , F €. A factor graph provides an intuitive
graphical representation of these dependencies, 1.e. contains
a variable node for each varnable x,, connected by an edge
to the factor node f_ only if X, is an argument of the function
§ .. Neighbor nodes exchange information through the edges
of the graph; we denote the message passed from the factor
node f, to the variable node x,&x, as mg _, , and the
message exchanged 1 the opposite direction as n,_, .
Various algorithms have been proposed to update the mes-
sages exchanged between neighboring nodes, enabling thus
a 1terative statistical characterization of the unknown vari-
ables of the system.

The MF BP update rules are described 1n the following. In
this disclosure a unified MF-BP approach according to E.
Riegler, G. Kirkel, C. Manchon, M. Badiu, and B. Fleury,
“Merging Beliel Propagation and the Mean Field Approxi-
mation: A Free Energy Approach,” IEEE Transactions on
Information Theory, vol. 59, no. 1, pp. 588-602, 2013 1s
presented in order to compute the statistics of the unknown
variables; this unified variational inference scheme 1s shown
to bypass the complexity and potential intractability of
computing the exact posterior pdis of the hidden variables
p(Xx,), by computing approximate pdis of the latter ones,

(x,)=~q(x,), also called beliefs. To this end, the factor graph
1s divided into two disjoint regions, corresponding to the two
types of updates the messages undergo between the variable
and factor nodes. We denote the set of all factor nodes with

4 and the two aforementioned regions with .4 - and .4 , ..
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The rules for the updating the messages exchanged between
the nodes of each region [28] and hence the beliefs of each
hidden r.v. read:

4 b (ga)
MF _
mfﬂ—}xi (-xi) = CXp Z lﬂgfa(-xa)jewlg{a)unxjﬂfa (XJ) )
\AgVA{ /
fa € Aur, X; € N(fs)
il () =da ) logfalve) T 1josr, (x)) (9b)
Xg v X] ¢
fa € App, x; € N( ;)
o) =e T ompl ) T mg (), (9c)
feeENENAyE feeNINARPY fa
x; €4, j, € Nx;)
g(x;) = e; [1 mgixi (X;) [1 mf S (x;), x; €1 (9d)

chN(Ij)m AME fﬂEN(If)mABP

where A (X)) .4 is the subset of functions f_ that have
variable X, as an argument, and % (F )<= £ is the subset of
variables that are arguments of .

In the following a probabilistic model and factor graph
representation 1s described.

We apply the MF-BP framework to the signal model (6),
(7) to iteratively perform data detection, i.e. obtain u,, U, _,
from x , X

1, and channel estimation, i.e. compute f3,,. To
that end, we express the posterior pdf

P(X X150 B0 1V0) P (VX0 X0 1A, P )D(A)D
(B, M x(x,, ) {CGe)) (cp(u X, (lc, 1)
I{C(uﬂ—l)}(cn—l)p(un—l)

Wherg_lIX(Xilci):Hk:DNﬂ_l I{M(;ef(k))}(xz'(df,k)): and p(u,)=
I1_.°7" p(u(v)), i€{n-1, n}. Since the channel vector f3,
and the delays T, remain unknown, applying MF-BP frame-
work to (10) 1s computationally intractable; to leverage this
problem, we propose a recerver architecture that works
under the sparse channel assumption, 1.¢., since the channel
1s assumed to be composed of a few non-negligible multi-
path components that arrive with unknown delays, we
postulate a delay vector of regularly spaced delays T, =
[OAT, . . ., (P-1)At]’ with delay resolution At, and P>>L(n);
we expect therefore that the associated complex channel
vector oo =[a. (0), . . ., o (P-1)]" to be sparse, i.e. to have
most of 1ts entries zero. We can now define the approximate
dictionary matrix (7b) T, EC " whose entries read

(10)

AN —

[Tn]a,b = Z [VH,M'i:Ei ]-:I,fi [(I)]k

k=0

| —

(11)

b

where aS[0:N-1], bE[0:P-1], M'=[(t,“(P-1)+2T)/T ],
E'=M'-1-pand [D], =0(kT ~t, (b)) Additionally, we con-
sider the two transceiver filters are perfectly matched. We
obtain thus an approximation of (7) and (6) which we will
turther employ in the design of the receiver.

Vu=T,0,+E, (12a)

y =H" +FC'FHx +FCFox_ _ +& (12b)

where the noise ¢, 1s Gaussian distributed, 1.e. p(¢, )=CN(E ;
0, A'I,) and the entries of H', C', S'&€C™V are
H', =2, VNG, (vT,) [Fl,.,, L1, @), C',, ==q(N+m-i)
19 Loze () I ve 2oy ve -1 (1), @and S =q, (N+p+m-—

)1s) gz m) I ovezqave1y(1)  respectively, with
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q (O)==._,"" o, (Dp(t—T, (1)), m,iE[0:N-1]. To enforce
sparsity on o, we use the sparse Bayesian learning frame-
work that employs a sparsity-inducing probabilistic model-
ing of the prior pdf p(a,,); 1 this work, we choose the 2L
hierarchical modeling and introduce a hyperprior v over the
channel weights, 1.e. p(a, .,v)=p(c |v)p(y). We lollow the
approach of [39]-[42] and select p(c, Iv)=CN(a, ; O, I') with

I'=diag(y), the hyperprior pdf p(y)=IL,_,"~" Ga(y(p); €. M),
and the noise precision pdf p(h)=Ga(A; a, b).

TABLE 1

Factor nodes definitions. The MFEF-BP approach is used and the factor
graph 1s divided into two regions, 1.e. M and BP and the factor nodes
corresponding to each region are defined.

MF region BP region

£, (XXpo 1500y, ) =
Py, X . X, {,AQ,)

f () = p(A)

fo, (QY) = play,lY)p(y)
£,(Y) = p(y)

13 ,;C)(Xz' (d; 1) ) = Liasce,®yy (X:(d; 1)
fc‘:f(cia ui) = I{E(Hf)}(cf)
Foony(03(V)) = plug(v)) = V2

Therefore, using the approximation (12a), the posterior
pdf (10) becomes

DX 15000, ) 5D (1, 0, %, 1,0 )P (AP, )P (Y)
IX(XH |CH)I{ C(ei) } (Cﬂ)p(HH)IX(xH—l |CH— I)I{ Criy_ 1D}

(Cr1)D ¥t 1) (13)

where, p(y,Ix ., X _,, A, & )=CN(y,; T c , A1) from

(12a). In order to introduce the factor graph representation

of (13), we define the functions 1n Table I for kE[0:N-1],
ic{n-1, n}, vE[0:K-1] which enables the equivalent
expression for the posterior pdi (13)

Py X1 Ay O | Y1) & fy, (X Tty Ay ) L) Sy, (s V) f () (14)

"

g

i=n—1

Np—1 3

K—1
Je; (ci HE)H ij(diyk)(xf(df,k)a CEM)]_[ Ju; 0 (@ (V)
=0 v=0

/

Equation (14) 1s graphically represented by the factor graph
depicted 1n FIG. 6. FIG. 6 1llustrates a diagram of a factor
graph representation 600 of the factorized system model
with hierarchical channel prior. The node corresponding to
cach OFDM symbol is factorized 1nto the nodes correspond-
ing to the individual OFDM samples. The data beliefs
factorize therefore into the product of individual samples
beliefs. The factor graph representation 600 may be applied
in a channel estimation block 303 1n a transceiver system
590 such as shown 1n FIG. 5 or in a channel estimator 303,
403 as described above with respect to FIGS. 3 and 4 or 1n
an estimating block 203 as described above with respect to
FIG. 2.

In order to apply BP-MF algorithm to our problem, we
divide the factor graph into the two regions and denote the
two disjoint subsets of factor nodes in the MF and BP
regions as -4 .. and respectively .4 5., where A, ={F, |
T Fas Tiobs A pp=ANA 4y and A N A 5,70, A4 denot-
ing the set of all factor nodes in the graph.

In the following joint channel estimation and data detec-
tion 1s described.

While y, and the training symbols 1X,(p,, ). X,,_; (®,_; )
=[0:N,-1]} (which we call hencefort visible r.v.) are
known, 1in order to recover the current sent information bit
array u, , the variables that need to be estimated in (14) are

{Xn(dn,f): Xﬂ—l(dn—l,Z): IE[O:ND_l]}: Crs Sl }": Gy Y (the
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hidden r.v.). Specifically, the iterative algorithm enables the
message exchange within and between the two subgraphs,
1.e. Equalization and Decoding (ED) and Channel Estima-
tion (CE). A complete 1teration, that we index hencefort as
I'T, consists of obtaining estimates for all the hidden r.v.; for

that, statistical information about the hidden r.v. 1s
exchanged through the edges of the factor graph, until the
algorithms outputs converged estimates of the hidden vari-
ables. One 1teration consists thus 1n computing the full set of
messages 1n the ED subgraph (the messages that propagated
from the node j:yﬁ, to all factor nodes JCHI_(;_:), 1=[n-1:n],
ke[0:K-1] and back to the former factor node), which
corresponds to demapping, decoding, deinterleaving, inter-
leaving, coding and soit mapping, followed by propagating
messages in the CE subgraph (from j:yﬁ to f,, f,, and
backwards) which corresponds computing soit estimates for
the noise precision and the channel vector.

In the following equalization and decoding sub-graph
message passing and beliel updates are described.
At each 1teration IT, the soit estimates of the noise precision
and the channel weights are passed upwards to the ED from
the CE subgraph, 1.e. m,, ., ), and used to demap decode
and deinterleave the data symbols (1.e. compute

i (di k)T 72 (d;s )
BP

m ;
Fejid; )=k m)

nci'( (m)_}fﬂj ’

BP
mfﬂj —i;(a)?

Hﬂi(a)_}fﬂjm)f - [ﬂ —1: ﬂ],
ke [0: Np—1].

me |0 O-1],

a e |0 K- 1]):

once the soft bits have been computed, they are re-inter-
leaved, coded and mapped to soit symbols (1.e. compute

BP
M @@

uj(@-fe; »

BF

i
fﬂf _}'::I;{ (m)’

Ft ’
cf ()= f - (ds k)

BP
M (ds ) %i ,m)

and passed to CE subgraph. These operations are equivalent
to computing the belief of the data symbols 1.e.

F

q(Xi(d;y)) o mgi s ar

(i) (x; (d; g )

xild; )_}I"(d"’k ) )

(x; (di ¢ ).

For computing the message

MF
mf}’j _”Ii(d:',k)
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we use (12b), where we define M[H]:H'+FC'FH and M, _,,=

FS'T”. The message in the MF region then reads

MF

My xilds g |(Xi(dig)) o (16)

oC eXp

_<l>q{l)<“yn — M[n]-xn — M[n—l]-xn—l ”%) Np-1

[, qlx; (i p )T 25

"—?(Ij,je [n—1:n]\[{] (d..":f )}?m”) /

o CN(xi(di,k); #iff;k)’ G-i?f;k))

where

U'MF

_ Hag 7171
xildi g ) < LM My ]d',;{ d; §

> (172)

: Q(&n )

ﬂg&,m = (17b)

gﬁ &:’,ﬁc )[_< My My ];il,k i }> Wil Ml

glcy )

o dlxildi p) T

H
Yn — <[M[:‘]M[j]e[n—lr H]\{i}]d. )
K glay)

(X}, jeln—1:n\i}) _Np—1

;26 ‘?(I . jc[n—1: n]\{f}(d.fi ))]

The message 1n the BP region reads

BF

18
fx;(df,k ) (44 )

i

(x;(d; ) o<

01
(ol (%) (k)
E fxr-(df?k)(xz(dz,k), Cj )Fl;[.;;.nc?‘)m_} ot )(C,_ (V).
1¢

1.k
M efo,1

The region of the ED sub-graph responsible for the decod-
ing, deinterleaving, re-interleaving and coding works as a

soft-input soft-output decoder.

In the following channel estimation sub-graph message
passing and belief updates are described.
Once solt estimates for x , X, _, have been obtained, the
messages containing them are passed along the edges con-
necting the ED and CE subgraph, 1.e.n, ; , ., and used in
the computations of the noise precision and channel weights.
The belief of the noise precision reads

g(A) o mp ) (Mmp”,, () (19)
where the messages are

mﬁi—}l X ‘IN eXP(—M“}"n — T”w”||%>q(xn),qfxn_1 )?q(ﬂf”)) (203)

mﬁil@) oc A% texp(—bA). (20b)

Subsequently, q(A) oA rexp(-M(b+({|ly,-T,
a+N,

lla”) gaey peatay)) X GaA: b+(|ly,-T,

" 22)q(x V(e Daalay)s We obtain thus a closed form tor th

first moment, 1.e.
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) B o+ N
b |y, — T3y

Glxp )qix,_ 1 halay)

For the estimation of the channel weights, we propose two
approaches: one 1n which we jointly estimate all the weights,
1.e. compute the belief q(c., ) and one 1n which we compute
the beliefs of the individual weights q(a. (p)), pE[0:P-1], by
assuming a fully factorized q(c.,).

In the following joint channel weights update 1s

described.
For the first approach, we assume the factor graph repre-
sentation according to FIG. 6 where the channel weights and
the hyperprior vectors are modeled each by one variable
node. As a result, the belief of the hyperprior 1s the product
of two messages, 1.€.

(21)
o to the

qpoems (Wm0 ()

where the messages from the factor nodes j:.h, and T
variable node v

(22a)
ey ]_[ Y(p)exp(—ny(p))

(22b)
it ﬂ(y)oc]_[y(p) exp(—y(p) (PP, )

yield q(y) to be the product of generalized inverse Gaussian
pdfs and the n”, n€R order moments of y(p), p[0:P-1], to
be

- [(|w(p)|2>qmﬂ) %KE—HH(Q\/?M@(P)F)Q(QH) ) (23)
VP Jq(y) =
oy " Ket 2\ mle(p)PY g )

Finally, the beliet of the channel weights q(a,) 1s

Q(ﬂn) o m_fyﬂ—ﬂ- Clyy (mn)m‘fﬂﬁ% Clyy (ﬂ‘n) (24)
where the associated messages

mﬁ d Say, (On) o exp( Mg (25a)

(@0 T Td gt @+ 2R Tdgta gty n)))
mEF_ﬂ (ay,) oc exp(—a,, - )Q(ﬂ&'ﬂ) (25b)

yvield q(e,)xCN(@y,; 1 %) where, Zo =((A),6,(T,”
T >q(x)q(ﬂfﬁ 1)+(T_ >cz-f(v)) and "Lﬂt <7\'> (k)ZﬂH<TH>Q(IH)=q(Iﬂ_1)

Y,
In the following, disjoint channel weights update 1s

described.
We next utilize the naive MF approximation and force the
beliet of the channel weights to fully factorize as follows

P-1 (26)
g(@) = | | alen ).
p=0

We define the local functions f, (1), y(1)=p(cx,(1), (1)),
Fyao(v(@)=p(y(1)) where p(o., (DIy(1))=CN(o,,(1); 0, ¥(1)), p(y
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(1))=Ga(y(1); €, 1), and depict the dependencies 1n the factor
graph from FIG. 7. FIG. 7 illustrates a diagram of a factor
graph representation 700 of the factorized system model
with hierarchical channel prior. The channel vector 1s fully
factorized. The factor graph representation 700 may be

applied 1n a channel estimation block 303 1n a transceiver
system 590 such as shown 1n FIG. 5 or in a channel estimator
303, 403 as described above with respect to FIGS. 3 and 4
or in an estimating block 203 as described above with
respect to FlG. 2.

The belief of the scalar hyperprior v(1), 1€[0:P-1],

MF MF

Gy (@) 0 Mg oy E i >y G (27)

1s, stmilar to (21), a generalized inverse Gaussian pdif, and
v(1) has the moments as defined 1n (23). Once the hyperprior
1S updated the belief of each channel weight o, (1), 1€[0:P-

1] 1s updated, 1.e. gq(a., (1))Dcmf M o) xCN(a, (1);
w(1), (1)) with
2= g GO+ D™ g™ (28a)
(=M gy 20OG) (28b)
Wh(?re 8(1) < —,1' )g(xﬁ.) q(x,,_ l)yﬂ Zp O.p iIP_l< [TH_.,ii
9 D H(P»@ggw») and C(l) ([T
[TH:_:I s g are the 17 entries 1 the vectors O and C

respectively. The disjoint channel estimation scheme
updates consecutively each channel weight o (1) while
keeping the other o (j), j€[0:P-1]\{i} fixed.

In the following a fast scheme 1s described. Since the
algorithm 1s computational expensive per iteration, we pres-
ent
a recursive scheme that improves the convergence rate; the
scheme explores the simplification (26) and consists of
sequentially updating each a (1) by performing ad-infinitum
subiterations along the edges of each subgraph defined by

the tuple (qﬂs(i): _j:ﬂﬁ-(f)’ "{(1)5 j:}r(z'))‘ ‘
One subiteration t consists of computing the messages

Do (1) F : ;am —y(@)® YD) =T y=YE) 0 Ty =T, ’
Mo () ;&t)] and yields the up?ates 27), (28b), i
(Y(l)}c},@@) d (a H(l))q(ﬂﬁ(z))m These updates are per-

formed by ﬁxmg all the other hidden r.v., 1.€. A, a_(3), v(3),
jE[0:P-1\{i}], to their most recent estimated values. Com-

bining (23), (28b) and (28a), we obtain recursive updates for
the two hidden r.v., i.e. (Y(0)) v =F 1 (V) ey ) and

- —l
(L H(1)>q(c1 (z))m f2(< H(l)>q([1 (1))[f ]) The ad-infinitum
scheme consists of tﬁ*m subiterations, until either of the
estimates {v(i)) ] H(l) (@) has converged to its

fg(g(f)) f‘ fj’ ‘
stable value (Y(1)) iy { (D)) oieayy 1€

lim {y(2) st = Yoo
o1
11m<afn(!)>qm i = %)) g, )

F—oa

that is equivalent to computing the fixed points (y(1)} s
(0, (1)) ey Tor either of the functions f, (y(1)), f,(,,(1)). In
this work, we choose to compute the fixed points {(Y(1)) ¢
of f,(y(1)) that we plug in (28b), (28a) to update
(4, viays (104,DI17) quy- Since working with the
moments (23) yields computational expensive fixed points,
we choose to work with the mode of (27), 1.e.
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— 30
e—2 + \/ (€ — 2)* + 4n{|ay, (E)|2>.;[;(aﬂ(f)) )

2n

(y(i) >.;[;(]}f(£)) =

Inserting (28b) and (28a) 1n (30), we obtain a recursive
update (Y(i)>q@(z‘))[ﬂzg«Y(i)>q(y(i))[r_l]) where g(v(1)) 1s

(31)

€2 e—2Y  y@uy@ +c?)
sy(t) = WJF\/( 21 ] " @ + of

where ¢™'=AL(1), u=c+q, and whose fixed points fulfill (29).
We need thus the solutions of v(1)=g(y(1)) or equivalently the

ones of v(1)F(y(1))=0, where f(y(@)) 1s

FO@)=y (O+[2ne-(e-2)]y ()+Mc’~c(2e-3)~q]y
(i)-(e-1)c’

with g=C(1)72[0(1)]? and v(1)=0 is always a solution.

In the following scheduling the disjoint weight updates 1s
described. Since the presented disjoint update
scheme works sequentially, the P channel weights updates
can be performed in different order e.g (1) consecutive
updates, (11) updates based on an 1mitial least-square channel
estimation, (111) by maximizing the variational free energy
difference between two consecutive iterations IT-1, IT,
when estimating each o (1), i.e. AFY/I0)=F¥I(1)-F*=1(1),
1=[0:P-1].

The variational free energy of the system 1is

(32)

G(%ns Vs Xn—15 Xn, A) (33)

P(wﬂa }’a ‘xﬂ_lﬁ ‘xﬂﬁ la yﬂ)P(yﬂ)

=

2

&H ,T,.x”_l ,I” ’Jl

Q(ﬂ,’”, Ys An—15 Ans l)lﬂg

Accounting for the factorization (26) and the aforemen-
tioned assumptions, the variational free energy when updat-
ing o, (i) at iteration IT is F¥*(1)=—log(Z"*1(1))-2ARe{n"*
HO@O* L+ALHEY D)+ 1u(1)1%) and AFYH(3) reads

(34)

>
AFITG) = —lﬂg( SEE (ﬁ)] - 2 Relu"M @0 — 1" H@eayy +

s (Y @+ 1 M) - s> @+ 1T P))

Once the statistics of the channel o, are jointly or dis-
jointly obtained using (24), (25) or (28b), (28a), and having,
previously obtained the statistics of x,, x , A, v with (15),
(19), (21), the current iteration I'T 1s complete and the next
iteration of updates IT+1 1s mitiated 1f the convergence
criteria are not fulfilled.

In the following, scheduling 1s described. Since the factor
graph 600 illustrated 1n FIG. 6 contains loops, after mitial-
1zation, there are several ways of
scheduling the updates of the hidden r.v. and the Algorithm
1 needs several iterations in order to produce converged
results.

Algorithm 1 Iterative data detection and channel estimation
for insufficient CP systems

1: Initialize (M) o0 (Y

)
2: (ﬂn)q(qﬂj N 0: (ﬂnmnH%q(cxﬂ) <~ 0
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-continued

Algorithm 1 Iterative data detection and channel estimation
for msufficient CP systems

3: fori€[n-1:n]do
4. fork€ [0 :N,-1]do
5: (Xz'(di,k))qz(xl-(df S I 0,
6: (Xl 1) g py < O
7 end for
8: end for
9: IT < 0
10: while (convergence metric = convergence threshold) or ( IT = max
full-iterations) do
11: fori€[n-1:n]do
12: fork€ [0 :N,-1]do
13: compute q(x,(d, ;) (Xf(dz‘j;))g(xi(di ) (|Xi(di,,k)|2)g(xi(dijk))
using (13), (17),(18)
14: end for
15: end for
16: Compute q(A), (M) ., using (19)
17: if (jomnt «,, update scheme then
18: it < 0
19: while 1t = max sub-iterations do
20: compute q(Y), (Y) ¢, using (21)
21: compute q(eL,,), (O)gcoul Gl ¥ ooy USING (24), (25)
22: it < 1t + 1
23: end while
24: else 1f (disjoint &, update scheme then
235: Select Order
26: for p € Order do
27: compute (Y(P)), ¢y DY finding the roots of (32)
28: compute (,(P)) o, )y (Im”(p)lz)g(%@)) using (28b), (28a)
29: compute AF¥*)(p) using (34)
30: end for
31: end if
32: update convergence metric
33: IT < IT + 1
34: end while

In the following a stochastic channel model for long
delays 1s presented. The stochastic channel model for long
delays 1s similar to the COST Bad Urban model according
to P. Kysti, J. Memil, L. Hent1l, X. Zhao, T. Jms, C.
Schneider, M. Narandzic, M. Milojevic, A. Hong, J. Ylitalo,
V.-M. Holappa, M. Alatossava, R. Bultitude, Y. deJong, and
T. Rautiainen: “IST-4-027756 WINNER II, D1.1.1 v1.1,

WINNER II interim channel models™ in Information Society

Technologies, Tech. Rep., 2006. The CIR 1s considered
invariant during an OFDM symbol and consists of two
clusters, the

first cluster (which we will refer to hencefort as cluster 1)
containing the multipath components with delays shorter
than CP and the second (cluster 2) the components with

delays beyond CP. The CIR during the n”” OFDM symbol
reads:

L, 1)~1 Ln2)~1 (35)
g@= > BT =T+ Y Pua(DOT =Ty (1)
{=0 =0

where L, |, and L,, ,, represent the number of components
of cluster 1 and cluster 2. The delay vectors are T, =

#,(1)
[T,.y0), - . ., T, L =-1)] and T, =T, 5,(0), . ..,
T, (2(L,—1)]. The power-delay-profile reads
(0 =< Tlus) = T1M (36)

{ (Jexp(—7)
P(r) =

aQexp(Tiy —7T) Tim = Ty < Tom
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where t,,~1 ~». The joint pdf the unknown parameters 1s

P(Pr)s Pr(1)s Tngl)s Tn2)s Ln(l)s La2)) = (37)
2
]_[ PP | Tnw))PTne | L)) PLani)
k=1
where Bﬂ,(k):[[‘))n,(k)(o)ﬂ Ce ey Bn,(k)_l)]T: and
L, @)1 (38a)
PP | Tn) = ]_[ CN(Bpna)(D); 0, P(Ty (D)
i=0
Ly, (k) (38b)
P(Tnao | L)) = ]_[ P(Th) (D)
i=0
p(Ly ) = Poisson{yy, ) (38¢)
Vke([1:2], with p(T, ,(D))=u(0,T,,,), IE[0L, ,~1] and

p(T,,.y))u(T, i Tons), IE[O L, -11. The CIR always
exhibits a component at T, (1)—0 and therefore the instan-

taneous total multlpath power gam 1s G=If3, (1)(O)I
X, 0B, DIPHZ 7B, o (DI with

_ L, (1)~1 (39)
2161 = B OF +{ Y, AP ;

{=1 P(ﬁn,(l)’r(l)’Lnr(l))

< Z Iﬂn,fz)(f)F)

=1 Pl B2y T2y bn,2))

(1 —exp(—71p)) +
puls

02M —T1M

aQ)

(1 —exp(—(Top — T1ps)))

FIG. 8 and FIG. 9 are performance diagrams 1llustrating
Mean Square Error (MSE) 800 and estimated Signal to
Noise Ratio (SNR) 900 over SNR of a Mean Field (MF)
channel estimation technique 801 in accordance with the
disclosure in comparison with other channel estimation
techniques.

The recerver 500 described in FIG. 5 referred to by using
the abbreviation MF 1s compared with a Robust Wiener
Filter (RWF) 803 and a reference receiver which uses a
pilot-based time-domain channel estimator abbreviated as
SBL 802. RWF 1s described by Li, Y., Cimini, L. ], &
Sollenberger, N. R. (1998), “Robust Channel Estimation for
OFDM Systems with Rapid Dispersive Fading”

in IEEE
Transactions on Communications, Vol. 46, No. 7, 902-915.
SBL 1s described by Pedersen, N., Navarre, C., Badlu M.,
Shutin, D., & Fleury, B. (2013) 1n “Sparse Estimatien Using
Bayesian Hierarchical Modeling for Real and Complex
Models”, retrieved from arXiv:1108.4324v2: http://arx-
1v.org/abs/1108.4324. As a lower bound for the comparison,
a genie-aidded MMSE estimator 804 1s used as explained

next. Table 1 illustrates the system and channel parameters
used for the performance tests.

TABLE 1

system and channel parameters used in the performance tests
System and channel parameters
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128

Ts [sampling time, ns]
N [no. subcarriers]
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TABLE 1-continued

system and channel parameters used in the performance tests
System and channel parameters

CP [Ts]

Modulation

Convolutional channel code

SNR range [dB]

Channel

Observation: the CIR consists of

4 multipath components of equal power,
2 of which are span outside the CP,
causing ISI and ICL

10
QPSK
Rate = 1/3, (133, 171, 165)g
(-6, 10]
[-6 -6 -6 —6]
(07 14 17]

P [dB]
Delay [Ts]

In FIG. 8, the MSE 800 of MF 801 1s observed with
respect to SBL 802 and RWF 803 and the genie-aided
MMSE estimator 804. In FIG. 9, the estimated SNR 900 of
MF 901 1s observed with respect to SBL 902. The genle-

ailded MMSE channel estimator knows the noise variance,
the exact delays of the CIR and the dictionary A and 1t

i p—12
estimates only the complex gains p. At high SNR, RWF 803
and SBL 802 (unaware of the ICI and ISI) exhibit perfor-
mance degradation due to the treatment of interference as
noise. This behavior 1s also revealed by the results 1n FIG.
9 which 1llustrate how the ICI-unaware estimator (SBL) 902
underestimates the SNR. By contrast, MF 901 diflerentiates
between ICI, ISI and AWGN and, therefore, does not lose
the CIR or SNR estimation accuracy, approaching the
MMSE genie-aided estimator at high SNR.

FIG. 10 1s a performance diagram illustrating Bit Error
Rate (BER) 1000 over SNR of an MF channel estimation
technique 1001 in accordance with the disclosure 1 com-

parison with other channel estimation techniques. In FIG. 10
the gain 1s shown 1n terms of BER of the MF receiver 1001
compared with SBL 1002, RWF 1003 and an genie-aided
receiver 1004 which knows pertectly the CIR, ISI, ICI and
noise variance. The receiver according to aspects of this
disclosure, named as MF 1001, e.g. as described above with
respect to one of FIGS. 3 to 5 clearly outperforms the other
receivers 1002, 1003, and approaches the performance of the
genie-aided receiver 1004 at high SNR.

FIGS. 11q and 115 are performance diagrams 1llustrating,
absolute value 1100q (FIG. 11a) and phase 110056 (FIG. 115)
of estimated channel impulse response (CIR) over time of an
MF channel estimation technique 1101 1n accordance with
the disclosure 1n comparison with an ICI unaware channel
estimation technique 1103. FIGS. 11q and 115 capture one
snapshot of the estimated channel impulse response, 1.¢. the
CIR envelope and phase of MF 1101, SBL 1103 and the
original channel 1102.

FIG. 12 1s a schematic diagram of a method 1200 for
channel estimation in accordance with the disclosure. The
method 1200 comprises receiving 1201 a receive symbol
comprising: a plurality of interfering transmissions from: a
first transmit symbol, the first transmit symbol comprising a
plurality of unknown modulated symbols interleaved with a
plurality of known modulated symbols and a second trans-
mit symbol, the second transmit symbol comprising a plu-
rality of unknown modulated symbols interleaved with a
plurality of known modulated symbols, wherein the plurality
of transmissions from the first transmit symbol and the
second transmit symbol are a plurality of transmissions of
different time instances. A transmit symbol may be an array
of unknown modulated symbols such as data intended for
the recerver interleaved with an array of known modulated
symbols such as pilots or reference symbols, e.g. cell-
specific reference symbols (CRS) of an LTE frame. The

method 1200 further comprises estimating 1203 a channel
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based on the recerve symbol and a plurality of estimates of
the first transmit symbol and the second transmit symbol.

The recerving 1201 may correspond to the receiving 201
" the method 200 described above with respect to FIG. 2.
he estimating 1203 may correspond to the estimating 203
 the method 200 described above with respect to FIG. 2.
he receive symbol may correspond to the receive symbol
y, 206 described above with respect to FIGS. 2-7. The first
transmit symbol may correspond to the first transmit symbol
x, 202 described above with respect to FIGS. 2-7. The
second transmit symbol may correspond to the second
transmit symbol x__, 204 described above with respect to

FIGS. 2-7. The channel may correspond to the channel g(t)
210 described above with respect to FIGS. 2-7.

= & =389

EXAMPLES

The following examples pertain to further embodiments.
Example 1 1s a method for channel estimation, the method
comprising: receiving a receive symbol comprising a plu-
rality of interfering transmissions from a {first transmit
symbol, the first transmit symbol comprising a plurality of
unknown modulated symbols interleaved with a plurality of
known modulated symbols and a second transmit symbol,
the second transmit symbol comprising a plurality of
unknown modulated symbols interleaved with a plurality of
known modulated symbols, wherein the plurality of trans-
missions from the first transmit symbol and the second
transmit symbol are a plurality of transmissions of diflerent
time 1nstances; and estimating a channel based on the
receive symbol (y, ) and a plurality of estimates of the first
transmit symbol and the second transmit symbol.

In Example 2, the subject matter of Example 1 can
optionally include that the receive symbol comprises at least
one ol inter-symbol interference and inter-carrier interfer-
ence Ifrom the transmission of the first transmit symbol and
the transmission of the second transmit symbol.

In Example 3, the subject matter of any one of Examples
1-2 can optionally include equalizing the receive symbol by
using the estimated channel.

In Example 4, the subject matter of any one of Examples
1-3 can optionally include that the plurality of transmissions
from the first transmit symbol and the second transmit
symbol are a plurality of transmissions of subsequent time
instances.

In Example 5, the subject matter of any one of Examples
1-4 can optionally include that the first transmit symbol and
the second transmit symbol comprise OFDM symbols.

In Example 6, the subject matter of Example 5 can
optionally include that a duration of a cyclic prefix of the
OFDM symbols 1s shorter than a delay of the channel.

In Example 7, the subject matter of any one of Examples
1-6 can optionally include that estimating the channel 1s
based on time-domain data-aided channel estimation.

In Example 8, the subject matter of any one of Examples
1-7 can optionally include that estimating the channel 1s
based on a signal representation comprising a dictionary
matrix, wherein the dictionary matrix comprises the first
transmit symbol and the second transmit symbol.

In Example 9, the subject matter of Example 8 can
optionally include that the signal representation 1s based on
a sparse channel model having only a few non-negligible
multi-path components.

In Example 10, the subject matter of any one of Examples
8-9 can optionally include that the signal representation 1s
based on probabilistic modeling of the channel and noise.
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In Example 11, the subject matter of any one of Examples
8-10 can optionally include that the signal representation 1s
according to: y,=A,, ,,_,p+€,, where y,, denotes the receive
symbol at time instance n, A, ,_, denotes the dictionary
matrix, [3 denotes time-domain weights of the channel and €,
denotes a noise power.

In Example 12, the subject matter of any one of Examples
8-11 can optionally include jointly estimating the channel
and the first and second transmit symbols by applying the
signal representation.

In Example 13, the subject matter of Example 12 can
optionally include that jointly estimating the channel and the
first and second transmit symbols 1s based on a mean field
belietf propagation framework.

Example 14 1s a processing circuit, comprising: a receiv-
ing port configured to receive a receive symbol comprising
a plurality of interfering transmissions from a first transmait
symbol, the first transmit symbol comprising a plurality of
unknown modulated symbols interleaved with a plurality of
known modulated symbols and a second transmit symbol,
the second transmit symbol comprising a plurality of
unknown modulated symbols 1nterleaved with a plurality of
known modulated symbols, wherein the plurality of trans-
missions from the first transmit symbol and the second
transmit symbol are a plurality of transmissions of different
time instances; and a channel estimator configured to esti-
mate a channel based on the receive symbol and a plurality
of estimates of the first transmit symbol and the second
transmit symbol.

In Example 15, the subject matter of Example 14 can
optionally include that the receive symbol comprises an
OFDM symbol.

In Example 16, the subject matter of any one of Examples
14-15 can optionally include a pre-processing unit config-
ured to remove a cyclic prefix and to apply a Fourier
transiorm to the receive symbol.

In Example 17, the subject matter of any one of Examples
14-16 can optionally include an equalizer configured to
equalize the receive symbol by using the estimated channel.

In Example 18, the subject matter of any one of Examples
14-17 can optionally include that the channel estimator 1s
configured to compute soit estimates of the channel and soft
estimates of a noise variance based on a Bayesian interfer-
ence technique.

In Example 19, the subject matter of Example 18 can
optionally include that the equalizer 1s configured to com-
pute soft estimates of the first transmit symbol and the
second transmit symbol based on the soft estimates of the
channel and the noise variance.

In Example 20, the subject matter of any one of Examples
14-19 can optionally include that the channel estimator is
configured to estimate the channel based on a signal repre-
sentation comprising a dictionary matrix, wherein the dic-
tionary matrix comprises the first transmit symbol and the
second transmit symbol.

In Example 21, the subject matter of Example 20 can
optionally include that the channel estimator 1s configured to
compute the dictionary matrix based on the estimates of the
first transmit symbol and the second transmit symbol.

Example 22 1s an OFDM receiver, comprising: a receiv-
ing port configured to receive a receive OFDM symbol
comprising: interfering transmissions {from a first OFDM
symbol, the first OFDM symbol comprising a plurality of
unknown modulated symbols 1nterleaved with a plurality of
known modulated symbols and a second OFDM symbol, the
second OFDM symbol comprising a plurality of unknown
modulated symbols interleaved with a plurality of known
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modulated symbols, wherein the plurality of transmissions
from the first OFDM symbol and the second OFDM symbol
are a plurality of transmissions of different time 1nstances; a
channel estimator configured to estimate a plurality of soft
estimates of a channel impulse response and of a noise
power based on the receive OFDM symbol and based on a
plurality of soft estimates of the first OFDM symbol and the
second OFDM symbol; an equalizer configured to estimate
the plurality of soit estimates of the first OFDM symbol and
the second OFDM symbol based on the plurality of soft
estimates of the channel impulse response and the noise
power estimated by the channel estimator.

In Example 23, the subject matter of Example 22 can
optionally include that the channel estimator 1s configured to
estimate the plurality of soft estimates of the channel based
on a signal representation comprising a dictionary matrix,
wherein the dictionary matrix comprises the first OFDM
symbol and the second OFDM symbol.

In Example 24, the subject matter of Example 23 can
optionally include that the signal representation 1s according
to: y,=A,, ,,_P+€,, where y, denotes the receive symbol at
time instance n, A, ,_, denotes the dictionary matrix, {3
denotes soit estimates of the time-domain weights of the
channel and €, denotes a soft estimate of a noise power.

In Example 25, the subject matter of any one of Examples
22-24 can optionally include that the equalizer 1s configured
to estimate a first matrix representing an estimated impulse
response ol the channel, a second matrix representing an
estimated inter-symbol interference and a third matrix rep-
resenting an estimated inter-carrier interference.

Example 26 1s a computer readable medium on which
computer 1structions are stored which when executed by a
computer, cause the computer to perform the method of one
of Examples 1 to 13.

Example 27 1s a channel estimator, comprising: receiving,
means for recerving a receive symbol comprising: a plurality
of interfering transmissions from a first transmit symbol, the
first transmit symbol comprising a plurality of unknown
modulated symbols interleaved with a plurality of known
modulated symbols and a second transmit symbol, the
second transmit symbol comprising a plurality of unknown
modulated symbols interleaved with a plurality of known
modulated symbols, wherein the plurality of transmissions
from the first transmit symbol and the second transmit
symbol are a plurality of transmissions of different time
instances; and estimating means for estimating a channel
based on the receive symbol (y, ) and a plurality of estimates
of the first transmit symbol and the second transmit symbol.

In Example 28, the subject matter of Example 27 can
optionally include that the receive symbol comprises at least
one ol inter-symbol interference and inter-carrier interfer-
ence from the transmission of the first transmit symbol and
the transmission of the second transmit symbol.

In Example 29, the subject matter of any one of Examples
2'7-28 can optionally include equalizing means for equaliz-
ing the receive symbol by using the estimated channel.

In Example 30, the subject matter of any one of Examples
2'7-29 can optionally include that the plurality of transmis-
sions from the first transmit symbol and the second transmat
symbol are a plurality of transmissions of subsequent time
instances.

In Example 31, the subject matter of any one of Examples
2'7-30 can optionally include that the first transmit symbol
and the second transmit symbol comprise OFDM symbols.

In Example 32, the subject matter of Example 30 can
optionally include that a duration of a cyclic prefix of the
OFDM symbols 1s shorter than a delay of the channel.
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In Example 33, the subject matter of any one of Examples
2'7-32 can optionally include that the estimating means 1s
configured to estimate the channel based on time-domain
data-aided channel estimation.

In Example 34, the subject matter of any one of Examples
2'7-33 can optionally include that the estimating means 1s
configured to estimate the channel based on a signal repre-
sentation comprising a dictionary matrix, wherein the dic-
tionary matrix comprises the first transmit symbol and the
second transmit symbol.

In Example 35, the subject matter of Example 34 can
optionally include that the signal representation 1s based on
a sparse channel model having only a few non-negligible
multi-path components.

In Example 36, the subject matter of any one of Examples
34-35 can optionally include that the signal representation 1s
based on probabilistic modeling of the channel and noise.

In Example 37, the subject matter of any one of Examples
34-36 can optionally include that the signal representation 1s
according to: y,=A,,,,_,p+€,, where y,, denotes the receive
symbol at time instance n, A, , , denotes the dictionary
matrix, [3 denotes time-domain weights of the channel and €,
denotes a noise power.

In Example 38, the subject matter of any one of Examples
34-37 can optionally include jointly estimating means for
jomtly estimating the channel and the first and second
transmit symbols by applying the signal representation.

In Example 39, the subject matter of Example 38 can
optionally 1nclude that the jointly estimating means 1s con-
figured to jointly estimate the channel and the first and
second transmit symbols based on a mean ficld belief
propagation framework.

Example 40 1s a transmission system, comprising: an
OFDM transmitter and an OFDM recerver according to any
one of Examples 22-25.

In Example 41, the subject matter of Example 40 can
optionally include a reception chain for processing the
OFDM receive symbol received at the receive port 1n
response to an OFDM transmit symbol transmitted at the
OFDM transmitter.

In Example 42, the subject matter of Example 41 can
optionally include that the OFDM receive symbol comprise
the first OFDM symbol and the second OFDM symbol.

In Example 43, the subject matter of any one of Examples
40-42 can optionally include that the channel estimator
comprises an IDFT transformer for transforming the OFDM
receive symbol and a CP removing unit for removing a
cyclic prefix from the OFDM receive symbol.

In Example 44, the subject matter of any one of Examples
40-43 can optionally include that the equalizer comprises a
demodulator, deinterleaver and decoder unit 511 configured
to provide LLR values of a first raw bit stream as generated
by the OFDM transmitter at a first time instance and of a
second raw bit stream as generated by the OFDM transmitter
at a second time instance.

In Example 45, the subject matter of Example 44 can
optionally 1nclude that the demodulator, deinterleaver and
decoder unit 1s configured to provide LLR values of a first
concatenated symbol as generated by the OFDM transmuitter
at the first time 1instance and of a second concatenated
symbol as generated by the OFDM transmitter at a second
time 1nstance.

In Example 46, the subject matter of any one of Examples
40-45 can optionally include that the equalizer comprises a
soit encoder and soft mapper umit configured to provide the
estimates of the first OFDM symbol and the second OFDM

symbol.
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In Example 47, the subject matter of Example 46 can
optionally include that the soft encoder and soft mapper unit
1s configured to provide the estimates of the first OFDM
symbol and the second OFDM symbol based on the LLR
values of the first and second concatenated symbols of
Example 43.

In addition, while a particular feature or aspect of the
disclosure may have been disclosed with respect to only one
of several implementations, such feature or aspect may be
combined with one or more other features or aspects of the
other implementations as may be desired and advantageous
for any given or particular application. Furthermore, to the
extent that the terms ‘“include”, “have”, “with”, or other
variants thereof are used 1n either the detailed description or
the claims, such terms are intended to be inclusive 1n a
manner similar to the term “comprise”. Furthermore, 1t 1s
understood that aspects of the disclosure may be imple-
mented 1 discrete circuits, partially integrated circuits or
tully integrated circuits or programming means. Also, the
terms “exemplary”, “for example” and “e.g.” are merely
meant as an example, rather than the best or optimal.

Although specific aspects have been illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that a variety of alternate and/or equivalent
implementations may be substituted for the specific aspects
shown and described without departing from the scope of
the present disclosure. This application 1s intended to cover
any adaptations or variations of the specific aspects dis-
cussed herein.

Although the elements 1n the following claims are recited
in a particular sequence with corresponding labeling, unless
the claim recitations otherwise imply a particular sequence
for implementing some or all of those elements, those
clements are not necessarily intended to be limited to being
implemented 1n that particular sequence.

The 1nvention claimed 1s:

1. A method for channel estimation, the method compris-
ng:

receiving a receirve symbol comprising:

a plurality of iterfering transmissions from:

a first transmit symbol, the first transmit symbol
comprising a plurality of unknown modulated
symbols interleaved with a plurality of known
modulated symbols; and

a second transmit symbol, the second transmit sym-
bol comprising a plurality of unknown modulated
symbols interleaved with a plurality of known
modulated symbols,

wherein the plurality of interfering transmissions from
the first transmit symbol and the second transmuit
symbol are a plurality of transmissions of different
time 1nstances; and

estimating a channel based on the receive symbol and a

plurality of estimates of the first transmit symbol and
the second transmit symbol, wherein estimating the
channel 1s based on a signal representation comprising
a dictionary matrix, wherein the dictionary matrix
comprises the first transmit symbol and the second
transmit symbol, and the estimating comprises jointly
estimating the channel and the first and second transmut
symbols by applying the signal representation.

2. The method of claim 1,

wherein the recerve symbol comprises at least one of

inter-symbol interference and inter-carrier interierence
from the plurality of transmissions of the first transmuit
symbol and the transmission of the second transmait
symbol.
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3. The method of claim 1, further comprising;:
equalizing the receive symbol by using the estimated
channel.

4. The method of claim 1,

wherein the plurality of transmissions from the first
transmit symbol and the second transmit symbol are a
plurality of transmissions of subsequent time instances.

5. The method of claim 1,

wherein the first transmit symbol and the second transmat

symbol comprise OFDM symbols.
6. The method of claim 5,

wherein a duration of a cyclic prefix of the OFDM

symbols 1s shorter than a delay of the channel.
7. The method of claim 1,

wherein estimating the channel 1s based on time-domain

data-aided channel estimation.
8. The method of claim 1,

wherein the signal representation i1s based on a sparse
channel model having only a few non-negligible multi-
path components.

9. The method of claim 8,

wherein the signal representation 1s based on probabilistic
modeling of the channel and noise.
10. The method of claim 1, wherein the signal represen-
tation 1s according to:

Vu :An,,n—l I3+En "

where y, denotes the recetve symbol at time instance n,
A denotes the dictionary matrix, p denotes time-domain

F0—1

weights of the channel and €, denotes a noise power.
11. The method of claim 1,

wherein jointly estimating the channel and the first and
second transmit symbols 1s based on a mean field belietf

propagation framework.

12. A processing circuit, comprising:

a receiving port configured to receive a receive symbol
comprising:
a plurality of mterfering transmissions from:

a first transmit symbol, the first transmit symbol
comprising a plurality of unknown modulated
symbols 1nterleaved with a plurality of known
modulated symbols; and

a second transmit symbol, the second transmit sym-
bol comprising a plurality of unknown modulated
symbols interleaved with a plurality of known
modulated symbols,

wherein the plurality of interfering transmissions from
the first transmit symbol and the second transmait
symbol are a plurality of transmissions of different
time 1nstances; and
a channel estimator configured to estimate a channel
based on the receive symbol and a plurality of estimates
of the first transmit symbol and the second transmit
symbol, wherein the channel estimator 1s configured to
estimate the channel based on a signal representation
comprising a dictionary matrix, wherein the dictionary
matrix comprises the first transmit symbol and the
second transmit symbol, and the estimating comprises
jointly estimating the channel and the first and second
transmit symbols by applying the signal representation.
13. The processing circuit of claim 12, wherein the
receive symbol comprises an OFDM symbol.
14. The processing circuit of claim 12, comprising:
a pre-processing unit configured to remove a cyclic prefix
and to apply a Fourier transform to the receirve symbol.
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15. The processing circuit of claim 12, comprising:

an equalizer configured to equalize the receive symbol by

using the estimated channel.

16. The processing circuit of claim 12,

wherein the channel estimator 1s configured to compute

soit estimates of the channel and soit estimates of a
noise variance based on a Bayesian interference tech-
nique.

17. The processing circuit of claim 16, wherein the
equalizer 1s configured to compute soft estimates of the first
transmit symbol and the second transmit symbol based on
the soft estimates of the channel and the noise variance.

18. The processing circuit of claim 12,

wherein the channel estimator 1s configured to compute

the dictionary matrix based on the estimates of the first
transmit symbol and the second transmit symbol.

19. An OFDM receiver, comprising;:

a receiving port configured to receive a receive OFDM

symbol comprising:

a plurality of interfering transmissions from a {irst
OFDM symbol, the first OFDM symbol comprising
a plurality of unknown modulated symbols inter-
leaved with a plurality of known modulated sym-
bols; and

a second OFDM symbol, the second OFDM symbol
comprising a plurality of unknown modulated sym-
bols mterleaved with a plurality of known modulated
symbols,

wherein the plurality of interfering transmissions from the

first OFDM symbol and the second OFDM symbol are
a plurality of transmissions of different time instances;
a channel estimator configured to estimate a plurality of
soit estimates of a channel impulse response and of a
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noise power based on the receive OFDM symbol and
based on a plurality of soft estimates of the first OFDM
symbol and the second OFDM symbol, wherein the
channel estimator 1s configured to estimate the plurality
of soft estimates of the channel based on a signal
representation comprising a dictionary matrix, wherein
the dictionary matrix comprises the first OFDM symbol
and the second OFDM symbol, and the estimating
comprises jointly estimating the channel and the first
and second transmit symbols by applying the signal
representation; and

an equalizer configured to estimate the plurality of soft
estimates of the first OFDM symbol and the second
OFDM symbol based on the plurality of soft estimates
of the channel impulse response and the noise power
estimated by the channel estimator.

20. The OFDM receiver of claim 19,

wherein the signal representation i1s according to:

Vu :An,,n—l I3+En "

where y, denotes the receive symbol at time instance n,
A denotes the dictionary matrix, 3 denotes soit esti-

F0—1

mates of the time-domain weights of the channel and €,
denotes a soit estimate ol a noise power.

21. The OFDM receiver of claam 19,

wherein the equalizer 1s configured to estimate a first
matrix representing an estimated impulse response of
the channel, a second matrix representing an estimated
inter-symbol interference and a third matrix represent-
ing an estimated inter-carrier interference.

% o *H % x
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